The T H 2-type immune response is characterized by elevated concentrations of IL-4, IL-13 and other T H 2 cell cytokines that can mediate host protective responses against helminth parasites. These protective responses can impair larval development 1,2 and adult worm feeding 3, 4 , leading to worm expulsion. Helminth parasites, trafficking through host tissues, can cause extensive damage [5] [6] [7] , and it has been postulated that the T H 2-type immune response evolved to promote localized wound healing to rapidly repair and regenerate damaged tissue [8] [9] [10] .
Inflammation is considered a key component of the wound healing process, contributing to both tissue degradation and tissue formation. The role of immune-cell populations and cytokines in promoting tissue repair or damage remains unclear 11 . Both neutrophils and macrophages can rapidly infiltrate the sites of tissue damage. These innate immune-cell populations may initially be beneficial in removing infectious microbes, clearing debris and expressing factors that promote wound healing. As the healing process continues, however, control of inflammation may be essential for effective tissue repair 11 . Recent studies have indicated a key role for macrophages in the resolution of tissue damage during viral infection 12 . The finding that IL-17 mediates neutrophil recruitment and activation 13, 14 suggests that this cytokine may also contribute to the early stages of the tissue repair process, although other studies have suggested that prolonged IL-17 production may contribute to both inflammation and tissue damage [15] [16] [17] [18] . Several studies have suggested that IL-4 and IL-13, both of which are elevated in T H 2-type immune responses to helminths, may promote wound healing by stimulating innate and adaptive immune cells to secrete cytokines, growth factors and angiogenic factors that can promote fibroplasia and angiogenesis and inhibit classical inflammation 10, 19 . IL-10 may also have a role in controlling inflammation at the site of tissue damage 20, 21 .
A number of different helminth parasites can cause damage to host tissues. Schistosome cercariae and some Strongyloides species and hookworms typically penetrate the skin as larvae, migrate into the lungs, causing lung inflammation, and ultimately reach other tissue sites for adult development 22, 23 . Generally, these parasites trigger potent T H 2-type immune responses in vivo 24 , and previous studies have indicated a role for helminth-induced T H 2-type responses in controlling pathologic T H 1-type responses [25] [26] [27] . A well-studied mouse model for intestinal nematode parasite infection is Nippostrongylus brasiliensis. After subcutaneous inoculation of N. brasiliensis, thirdstage larvae migrate to the lung, where they reside for 2 d, after which they traffic through airways to the esophagus and then to the small intestine 28 . In the lung, these parasites trigger a potent and highly polarized T H 2-type response [29] [30] [31] . Previous studies have shown that at later stages after infection, T H 2-type responses can promote allergyassociated inflammation and pathology, including fibrosis 32 .
Here we examined whether the T H 2-type response controlled acute lung injury (ALI) shortly after infection with N. brasiliensis. Our findings indicate a crucial role for the immune response in controlling ALI in mice during in vivo trafficking of helminth parasites.
RESULTS

N. brasiliensis-induced lung hemorrhaging and inflammation
To examine the association between lung damage and the innate immune response, we inoculated BALB/c mice with 500 N. brasiliensis infective third-stage larvae that had been treated with antibiotics to remove residual bacteria. Larvae enter the lung between 24 and 48 h after inoculation, reside in the lung for 36-48 h and migrate to the small intestine by day 3 after inoculation 28 . At days 2, 4, and 7 after inoculation, we collected lung tissue and bronchial-alveolar lavage (BAL) fluid. We observed increased numbers of red blood cells (RBCs), reflecting extensive hemorrhaging, at day 2 after inoculation, but by day 4, hemorrhaging was reduced, and by day 7, hemorrhaging was undetectable ( Fig. 1a) . Histologic quantification of lung inflammation, as assessed using the ALI scoring method 33, 34 , showed pronounced ALI by day 2 after inoculation, which was resolved by day 7. Inflammation, primarily by neutrophils, was also pronounced at day 2 after inoculation, was reduced by day 4 and had returned to baseline by day 7 (Fig. 1b) . Analysis of BAL fluid also showed increased numbers of RBCs by day 2 after inoculation, which were reduced by day 7 (Fig. 1c) . The correlation of RBCs in the BAL fluid with overall increases in the number of RBCs in lung tissue samples provided a useful quantitative indicator for assessing lung hemorrhaging by counting the number of RBCs in the BAL fluid. The BAL fluid neutrophil count was also closely correlated with lung neutrophil inflammation ( Fig. 1b) . To assess lung function, we measured airway resistance in conscious, spontaneously breathing mice using a wholebody plethysmography system. Enhanced pause (a unitless index of airway hyperreactivity) was increased at day 2 after inoculation but returned to near normal levels at days 4 and 7 ( Fig. 1d) . Thus, ALI occurs shortly after N. brasiliensis inoculation, and is associated with hemorrhaging, inflammation and decreased lung function, but resolves quickly.
Il4 and Il13 mRNA levels in the lung tissue were increased by day 4 after inoculation and remained high at day 7 ( Fig. 1e) . Notably, Il17 mRNA levels were also elevated by day 2 after inoculation, reaching peak levels at day 4 and returning to baseline levels by day 7. We detected no elevations in Ifng mRNA level (data not shown). We also detected elevated concentrations of IL-4, IL-13 and IL-17 protein in the BAL fluid. Gene expression of a panel of factors associated with wound healing showed elevations in the expression of Arg1 (encoding arginase 1), Igf1 (encoding IGF-1) and Col1a1 (encoding Collagen, type I, α 1) as early as 2 d after inoculation, and we detected elevations in the expression of Mmp13 (encoding matrix metalloprotease 13) by day 7 (Supplementary Fig. 1 ). We also examined T H 2 cell cytokines, expressed by innate immune cells, and found elevations in the levels of Tslp and Il33, but not Il25, mRNA by day 2 after inoculation ( Supplementary Fig. 1 ).
We also inoculated mice with different doses of N. brasiliensis and observed decreases in the number of RBCs and neutrophils in the BAL fluid and the lung, and reduced ALI at the lower doses ( Supplementary Fig. 2 ). However, increases in Il13, Arg1 and Il17 mRNA levels were generally sustained, indicating that parasites were contributing directly to lung damage, probably during migration.
IL-17 recruits neutrophils that promote hemorrhaging
To examine whether lung infiltration of neutrophils increased hemorrhaging, we depleted neutrophils by in vivo administration of antibodies specific to lymphocyte antigen 6 complex, locus G (Ly6G). Neutrophil depletion reduced the number of RBCs ( Fig. 2a ) and reduced ALI ( Supplementary Fig. 3a) , but had no effect on bleeding time, indicating that blood coagulation was not decreased ( Supplementary Fig. 4d ), as has been observed in other model systems 35 . We confirmed neutrophil depletion through morphological assessment of neutrophils in BAL fluid ( Fig. 2a ) and through FACS analysis of whole lung ( Supplementary Fig. 4a ).
As the Il17 mRNA level was rapidly elevated after N. brasiliensis inoculation, and as IL-17 can mediate neutrophil recruitment 13, 14 , we hypothesized that IL-17 may contribute to lung damage through neutrophil recruitment. Lung hemorrhaging and neutrophil recruitment were markedly lower in the BAL of Il17ra -/mice compared to wildtype (WT) mice at day 2 after inoculation ( Fig. 2a) , and the ALI score was significantly lower in these mice compared to WT mice (P < 0.05) ( Supplementary Fig. 3b ). As IL-17RA is required for IL-25 (IL-17E) as well as IL-17A signaling 36 , we also used blocking antibodies specific to IL-17A. The numbers of BAL fluid neutrophils and RBCs were significantly lower (P < 0.01) ( Fig. 2a) , as were ALI (P < 0.01) ( Supplementary Fig. 3c ) and lung neutrophils ( Supplementary Fig. 4c ), in N. brasiliensis-inoculated mice administered IL-17A-specific antibodies compared to N. brasiliensis-inoculated mice administered isotype control antibodies.
IL-4Ra signaling reduces lung damage
To assess whether N. brasiliensis-induced hemorrhaging and the influx of neutrophils to the lung were influenced by T H 2-type responses, we b Naive npg inoculated BALB/c Il4ra -/and WT mice with N. brasiliensis. We observed higher numbers of BAL fluid RBCs and a higher amount of neutrophil infiltration at day 4 after inoculation in Il4ra -/mice compared with WT mice (Fig. 2b) . Similarly, blockade of IL-4Rα signaling in Il4ra -/mice resulted in increased ALI and enhanced airway resistance ( Supplementary Fig. 3d,f) . In contrast, the hemorrhaging and inflammation in N. brasiliensis-inoculated Il4 -/and Il13ra1 -/mice was similar to that seen in inoculated WT mice ( Fig. 2b) , suggesting that either IL-4 or IL-13 alone can mediate control of hemorrhaging and inflammation through IL-4Rα signaling. We detected no difference in the larvae intestinal count between Il4ra -/mice and WT controls at day 4 after N. brasiliensis inoculation ( Fig. 2c) , indicating that the larval migration was not affected by the IL-4Rα signaling blockade. The gene expression of Il4, Il13 and Il10 was also markedly lower in BALB/c Il4ra -/compared to BALB/c WT control mice at day 4 after inoculation, whereas the Il17 mRNA level was markedly higher in these mice compared to controls (Fig. 2d) .
The higher Il17 mRNA levels in N. brasiliensis-inoculated Il4ra -/mice compared to WT mice suggested that IL-17 contributed to the increased lung injury seen in these mice. We administered blocking antibodies specific to IL-17A to N. brasiliensis-inoculated Il4ra -/-mice, which resulted in markedly reduced BAL hemorrhaging and BAL inflammation ( Fig. 2e) , as well as reduced ALI, compared to inoculated mice administered isotype control antibodies ( Supplementary  Fig. 3e ). These findings indicate that IL-4Rα signaling controls lung injury at least partly through down modulating IL-17 activity.
The rapid resolution of N. brasiliensis-induced hemorrhaging in WT mice suggested that the T H 2-type response may induce factors that mediate wound healing. IGF-1, a member of the insulin family of growth hormones, has been shown to be expressed by a number of cell types, including T cells, macrophages and epithelial cells, and recent in vitro studies suggested that IGF-1 may contribute to localized wound healing effects [37] [38] [39] . Arg1 may also be expressed by macrophages and can promote collagen formation and cellular proliferation 40 . Elevations in Igf1 and Arg1 gene expression were blocked in Il4ra -/mice at day 4 after N. brasiliensis inoculation, which is consistent with the expression of these genes being dependent on the T H 2-type response (Fig. 3a) . In addition, elevations BAL neu (× 10 4 ) Figure 2 IL-4R signaling controls acute lung hemorrhaging and IL-17dependent neutrophil infiltration. (a) WT mice administered antibody specific to Ly6G (anti-Ly6G) or an IgG isotype control were inoculated with N. brasiliensis (Nb), and on day 2 after inoculation, BAL fluid was collected and the RBCs and neutrophils were counted. In separate experiments, Il17ra -/mice, WT control mice and WT mice administered antibodies specific to IL-17A (anti-IL-17A) or an isotype control were inoculated with N. brasiliensis, and at day 2 after inoculation, BAL fluid was collected and the RBCs and neutrophils were counted. (Fig. 3a) . Treatment of N. brasiliensis-inoculated WT mice with blocking antibodies specific to IGF-1R increased both the number of BAL fluid RBCs and neutrophils (Fig. 3b) , and increased ALI ( Supplementary  Fig. 5a ), on day 4 after N. brasiliensis inoculation compared to inoculated mice administered isotype control antibodies. However, administration of blocking antibodies specific to IGF-1R did not affect N. brasiliensis-induced expression of Il4, Il13 or Il17 (Fig. 3c) . Other wound-healing factors were also not affected by treatment with antibodies specific to IGF-1R ( Fig. 3c) . Taken together, these findings suggest that IGF-1 promotes the repair of lung damage in vivo through mechanisms downstream of T H 2-type cytokine expression.
To examine whether the late increase in Il10 mRNA level, relative to the earlier elevations in Il4 and Il13 mRNA levels, also contributed to resolution of lung damage, we inoculated Il10 -/mice with N. brasiliensis. At days 5 and 7 after inoculation, time points at which the Il10 mRNA level is elevated in WT mice (Fig. 4a) , we detected significantly more hemorrhaging, neutrophil infiltration (P < 0.05) ( Fig. 4b ) and ALI (P < 0.01) in Il10 -/mice compared to WT controls ( Supplementary  Fig. 5b) . The gene expression of both Il4 and Il13 on day 7 was partially suppressed in Il10 -/mice ( Fig. 4c) , suggesting that although IL-10 can enhance expression of these T H 2 cell cytokines after inoculation, IL-10independent increases in their expression still occurred. In contrast, gene expression of Il17, which had returned to untreated levels at day 7 after N. brasiliensis-inoculation of WT mice, remained high in N. brasiliensis-inoculated Il10 -/mice. Modest elevations in Ifng expression also occurred, whereas Inos expression was not affected. Furthermore, elevations in the expression of wound-healing factors, including Igf1, were not affected by Il10 deficiency. These data suggest that initial increases in IL-4R signaling trigger IL-10 expression, which has a key role in resolving lung damage by controlling lung inflammation. Unlike Il4ra deficiency, however, Il10 deficiency does not markedly affect the expression of factors directly mediating wound healing.
Macrophages control acute hemorrhaging and inflammation
Macrophages are potential sources of IL-10, IGF-1, MMP-13 and Arg1, all of which are elevated in the lung during the acute wound Fig. 6a ) and lung tissue (Fig. 5a) , although present in untreated mice, were markedly higher in mice treated with N. brasiliensis by day 4 after inoculation. Histological staining revealed numerous RBCs engulfed by individual macrophages at day 4 after inoculation, suggesting a role for macrophages in RBC clearance. We sorted macrophages (F4/80 + ) from the lung tissue at days 0 (naive mice), 3 and 7 after inoculation with N. brasiliensis. Increased expression of Arg1, Igf1 and Mmp13, but not Il10 mRNA, was detected at both timepoints after inoculation (Supplementary Fig. 6b ). Further cell sorting analyses of lung tissue revealed that the Il10 mRNA level was elevated in CD4 + T cells at day 7 after inoculation (data not shown).
To examine whether macrophages were required for the rapid wound-healing effect of the T H 2-type response, we used transgenic mice expressing the human diphtheria toxin receptor (DTR) gene under the control of the CD11b regulatory sequence (CD11bDTR mice) to conditionally ablate macrophages in vivo through administration of diphtheria toxin, which has previously been shown to selectively deplete macrophages 41, 42 . Compared to N. brasiliensisinoculated CD11bDTR mice not given diphtheria toxin, inoculated CD11bDTR mice administered diphtheria toxin showed greater lung hemorrhaging and neutrophil inflammation, also confirming that CD11b + neutrophils were not depleted. Transfer of WT macrophages into these mice restored control of both hemorrhaging and neutrophil inflammation, although we still observed some lung damage in wholelung samples ( Fig. 5b-e ). BAL and lung eosinophils, which can also express CD11b, were also depleted after administration of diphtheria toxin, however, the addition of WT macrophages restored the eosinophil numbers ( Fig. 5c and Supplementary Fig. 6c ), indicating that eosinophil recruitment was blocked by macrophage depletion and not by nonspecific effects of treatment with diphtheria toxin. The addition of WT macrophages also largely restored lung macrophages to the amounts seen in the N. brasiliensis-inoculated groups not administered diphtheria toxin (Supplementary Fig. 6d ). Lung Arg1, Mmp13 and Igf1 mRNA levels were all reduced by the administration of diphtheria toxin in N. brasiliensis-inoculated CD11bDTR mice; the addition of WT macrophages in these mice largely restored the mRNA levels (Fig. 5e) . To examine whether arginase contributed to the resolution of lung damage, the arginase 1 antagonist, S-(2-boronoethyl)-L-cysteine (BEC), was administered to N. brasiliensis-inoculated WT mice using doses previously described to block Arg1 activity in vivo 1, 43 . The administration of BEC reduced lung arginase activity (Supplementary Fig. 5d ) and resulted in increased numbers of BAL fluid RBCs and neutrophils (Fig. 5f) and increased ALI (Supplementary Fig. 5c ) at day 6 after N. brasiliensis inoculation. We used clodronate (Cl2MDP)-loaded liposomes as an alternative approach to inactivate macrophages. We also observed increases in the number of BAL fluid RBCs and neutrophils and increased ALI, and decreased expression of factors associated with wound healing, in N. brasiliensis-inoculated mice treated with clodronate liposomes compared to N. brasiliensis-inoculated mice treated with PBS liposomes (Supplementary Fig. 7) .
DISCUSSION
These studies show an essential role for the T H 2-type response in controlling acute tissue damage that would otherwise impair lung function during infection of mice with nematode parasites. Separate components of this immune response coordinated the control of tissue damage and inflammation. It has been previously suggested that a key host protective effect of the T H 2-type response to migrating multicellular parasites may include enhanced acute wound healing as an adaptation to the considerable damage caused by these large pathogens migrating through tissues 8, 10, 44 . Our report now provides evidence supporting this possibility.
Our finding that control of both Il17 gene expression and neutrophil infiltration was dependent on IL-4R signaling, either through IL-4 or IL-13, indicated that T H 2 cell cytokines had a key role in downregulating helminth-induced lung inflammation. Blocking IL-17A prevented an increase in lung inflammation in N. brasiliensisinoculated Il4ra -/mice, which further showed a protective role for IL-4R signaling through controlling elevations in the concentration of IL-17A. The Il10 mRNA level increased after elevations in the Il4 and Il13 mRNA levels, and this increase was dependent on IL-4Rα signaling, which is consistent with recent observations that IL-4 can promote IL-10 expression 45 . As N. brasiliensis-inoculated Il10 -/mice also showed greater inflammation compared to inoculated WT mice, our studies suggest that inflammation is controlled by IL-4R signaling at least partly though its induction of increased concentrations of IL-10.
Several other factors, potentially important in wound healing, showed IL-4R-dependent increased gene expression. Elevations in Igf1 mRNA level were blocked in Il4ra -/but not Il10 -/mice. IGF-1 has been implicated in fibroblast proliferation, collagen matrix synthesis and control of apoptosis 37, 38, 46 , which are all key factors in tissue regeneration. Recent in vitro studies have also suggested that T cells produce IGF-1 and that T cell-derived IGF-1 has an important role in wound closure 39 . We provide the first in vivo evidence that production of IGF-1 during the helminthinduced T H 2-type immune response is essential in the acute woundhealing response. Arg1 can contribute to both cell proliferation and collagen deposition through the production of polyamines and proline, respectively 47, 48 . Our findings now indicate that Arg1 activity contributes to the control of helminth-induced lung damage. Figure 6 Model of acute resolution of lung damage mediated by a helminth-induced T H 2-type response. Invasion of lung tissue by N. brasiliensis larvae and the associated tissue damage initially triggers upregulation of IL-17, resulting in pronounced neutrophil infiltration within 2 d after inoculation. By 4 d after inoculation, IL-4 and IL-13 are markedly upregulated, and together they inhibit IL-17 expression and inflammation. IL-4 and IL-13 stimulate the subsequent expression of IL-10, which further contributes to the control of inflammation. Macrophages are also activated to express IGF-1, Arg1 and other woundhealing factors that directly mediate tissue regeneration and remodeling, and macrophages also probably contribute to the clearance of debris and erythrocytes in tissue.
npg
After N. brasiliensis inoculation, macrophages in the lung expressed elevated Arg1 and Igf1 mRNA levels, suggesting that they were either directly contributing to the process of wound healing, were more indirectly involved by suppressing the pro-inflammatory cytokine response, as was recently attributed to Arg1-expressing macrophages 43, 49 , or both. The observation that macrophages did not express an elevated Il10 mRNA level is consistent with recent paradigms in which IL-4 induces wound-healing macrophages that, in contrast to regulatory macrophages, do not express IL- 10 (ref. 50) . Depletion of macrophages resulted in marked increases in hemorrhaging and inflammation and decreased expression of factors important in wound healing. The role of M2 macrophages, and, more specifically, Arg1, was further confirmed by our observation of increased tissue damage and inflammation after inhibition of Arg1 activity in vivo. It is also possible that these macrophages contributed to the clearance of RBCs and debris. Recent in vitro studies suggested that M2 macrophages had impaired phagocytosis 51 , although other studies have suggested that these macrophages may be important in neutrophil clearance in vivo 10 . Macrophages may also have more indirect effects on wound healing through the recruitment of additional cell populations. Depletion of lung macrophages in diphtheria toxin-treated CD11bDTR mice reduced the numbers of lung eosinophils, which were restored by the adoptive transfer of WT macrophages. Eosinophils have been previously implicated in wound-healing responses 52 .
The damage and associated hemorrhaging that follow N. brasiliensis larval transit through the lung may partly result from rapid neutrophil infiltration. Previous studies indicated that neutrophil infiltration at wound sites is not required for and may in fact inhibit the tissue repair processes, contributing to tissue necrosis and hemorrhaging 53 , possibly as a result of direct cellular damage through the secretion of neutral proteases and oxygen metabolites or through the release of signals that inhibit cell growth and differentiation 54, 55 . In some instances, neutrophils may have a key role in clearing bacteria associated with nematodes 56 . However, treatment of N. brasiliensis third-stage larvae with antimicrobial antibiotics before inoculation made it unlikely that bacterial clearance was a major macrophage function in these studies or that macrophage infiltration was in response to microbes. As it takes 24-48 h for the N. brasiliensis larvae to migrate to the lung, the neutrophils infiltrated the lungs shortly after larval invasion. Our findings show that the rapid recruitment of neutrophils to the lung and airways was largely dependent on IL-17A signaling.
Taken together, these studies suggest that different components of the helminth-induced T H 2-type response interact to mediate the acute wound healing and control of inflammation that would otherwise result from migration of these multicellular pathogens through tissues (Fig. 6) . The potent and highly polarized T H 2-type response induced by infection with parasitic nematodes may have characteristics that could potentially be harnessed in the development of future therapies to enhance acute wound-healing responses, including treatment of acute lung injury. It should be noted, however, that chronic T H 2-type immune responses can be associated with fibrosis and its associated pathology, which may need to be subsequently controlled.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
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